INTRODUCTION
During the 1970's and through the early 1980's a great deal of effort was expended characterizing the shock initiation behavior of PBX 9404. (PBX 9404 consists of 94 wt.% HMX, 3 wt.% nitrocellulose, and 3 WI.70 chtoro-ethyl-phosphate as the plasticizer.) Wedge tests were done to measure the run distance-to-detonation as a fimction of input pressure. 1'2 In addition, severat gas gun studies were done to examine the wave profiles in initiating PBX 9404. These studies included the embedded manganin gauge measurements of Ginsber et aL,3'4 F at Los Alarnos and Green et al.s and Vantine et al. at Lawrence L.iverrnore, the embedded electromagnetic gauge measurements of Vorthrnan7 at Los Alamos, and Vantine et al.b and Erickson et al.*, at Livermore, and the quartz gauge and interferometry measurements of Kennedy et al.? ]o and Setchellll']2 at Sa!da. The input shocks were varied and included sustained shocks,]-]o double shocks, *3'14 ramp wavesl 1>]4 and short shocks.1z*4 The list above is meant to be representative of the experimental shock wave initiation work on PBX 9404. (We apologize to any authors whose work has been excluded.)
Complementing these experimental developments, a great deal of effort was expended trying to model the PBX 9404 initiation behavior using hydrocodes.
Tarver and coworkers5'14from Livermore modeled PBX 9404 initiation using their ignition and growth model. At Los Alarnos, Wackerle and co-workers used multiple pressure or particle gauge records and DA13U-4R (Direct Analysis of Gauges Modified Arrhenius Rate).3'7'15Later Johnson, Tang, and Forest introduced the JTF model.1b>17 At Sandi& Nmziato, working with Kennedy introduced yet another initiation model.10>18'19 The above list is again meant to be representative rather than comprehensive. It should help to illustrate the notion that PBX 9404 became somewhat of a baseline material for anyone wanting to study the initiation of an explosive, either experimentally or numerically.
When PBX 9404 was found to be susceptible to initiation by sliding friction in the drop/skid test (a test to simulate handling accidents with large pieces of explosives), it was quickly replaced by PBX 9501, which did not exhibit the same handling problems?" (PBX 9501 consists of 95 wt.% HMX, 2.5 wt.~o estane and 2.5 wt.% nitroplasticizer.) The nitrocellulose was believed to be the reason for the drop/skid sensitivity of the PBX 9404 and this binder material is absent from the PBX 9501 formulation.
A number of experiments were performed on PBX 9501 that indicated that its shock initiation properties were close enough to PBX 9404 that a large number of new tests were unwarranted. About this same time, emphasis shifted to insensitive TATB-based formulations such as PBX 9502 and LX-17, so the data on PBX 9501 is minimal.
Researchers verified that the run distance-to-detonation vs. pressure was about the same for PBX 9501 as for PBX 9404?1 Vorthman et al.*5did a few embedded magnetic gauge experimentswhich also indicated comparable behavior. Other small scattered tests of a few experiments each were performed, but there was never the comprehensive effort direeted toward understanding the initiation behavior of PBX 9501 that had accompanied PBX 9404; PBX 9501 was assumed to behave just like PBX 9404.
Recent interest in the characteristics and shock initiation of PBX 9501 has come from two fronts. First, the problem of accidental mechanical insult producing a violent reaction has prompted studies in the low stress regime by Dick et al.='23 using plane impacts, and by Idar et al.,mss and Chidester et al.% using spherical impactors. Secondly, it has become advisable (necessary) to leave the nuclear weapons (of which PBX 9501 is a component) in the stockpile for much longer periods than was originally envisioned; thus, the need to know if the properties of PBX 9501 change over long periods of time.
Since there was not a large amount of baseline information on PBX 9501, comparisons between new and aged material were impossible. This study resulted from the need for this data.
The remainder of this report details our study of the sustained shock initiation of PBX 9501. To obtain baseline data we studied samples made from one powder lot and pressed to three different densities. These results were compared with data obtained from material recovered ffom two different weapons that had been in the stockpile for 124 and 201 months, respectively.
EXPERIMENTAL DETAILS PBX 9501 Samples
Three different "new" PBX 9501 sample materials were made at Los Alamos National Laboratory (LANL) S-Site nnder the supervision of Manny Chavez (ESA-WMM), and two sample materials were recovered from dkxnantled weapons. These are summarized in Table 1 , and dkcussed in the following paragraphs. Jose Archulet& of DX-2, measured densities for all samples using the water immersion method. The typical standard deviation was 0.001 g/cm3 in density for all parts made from a particular pressing. All new sample materials were pressed from Holston PBX 9501 molding powder lot 89C73O-O1O which was manufactured in 1989. Material pressed from this powder has been used by Idar et al.?4'fi and Dick et al '23 We will designate the new materials A, B, and
c. " -
Material A refers to pressing number 96-741319 (hydrostatically pressed in a 13.5 x 13.5x 3.5 inch block) and has a nominal density of 1.826 g/cm3. This is the same ressing 1? used by Jerry Dick et al. for their recent experiments.22'3 Material B designates pressing number 97-525099 (hydrostatically pressed into a 9 inch diameter by 11 inch high cylinder) which has a nominal density of 1.830 g/cm3.
Tabte 1. Summary ofMaterials Material C designates material that was pressed in a muhi-264 steel die (S-site term) measuring 3-inch diameter by 2 1/8 inch thick. It had a nominal density of 1.837 g/cm3. As usual, there was concern that the ram or die pressing could result in variations in density throughout the sample. For our experiments, the pressings were machined into 3 or more parts, each with cm scale dmensions. The density variation among parts was less than 0.001 f$nn3, alleviating this concern. There is also a concern that the die pressing modifies the particle size distribution or morphology in a way different than the hydrostatic pressing. Particle size distribution or morphology is thought to be an important factor in shock initiation. As will be discussed later, our results show no measurable dfierence.
The material we designate "W76" was recover&1 horn a dismantled W76 nuclear weapon. The piece number is 76-1100830, and it was pressed from powder lot 730-006. The weapon spent 124 months in stockpile before it was dismantled. Nominal density for this material was 1.838 @m3.
The material designated, "W78" was recovered from a dismantled W78 nuclear weapon. The piece number is 78-1020331 and powder lot 685-006 was used to make the pressing. The weapon spent 201 months in stockpile before it was dismantled. Nominal density for this material was 1.838 g/cm3.
Overall Experimental Conf@ration The overall configuration for the initiation experiments is shown in Fi ure 1. This is the same configuration used by 9 vorthtnan?'l A projectile made of Uxan, or with a Lexan nose, is faced with a non metallic irnpactor disk and launched in a 72-mm bore single-stage gas gun. When the impactor strikes the explosive sample, a planar shock wave is generated which begins the initiation process. For the experiments discussed here, the impactors were 21Ainch (57 mm) diameter by 0.43 inch (11 mm) thick, and the explosive sample (or target) was 2 inch(51 mm) diameter by = 1 inch (25 mm) thick.
Gauges embedded in the sample at various depths fkom the impact plane measured the particle velocity, as well as the position of the shock front with time. The construction and operation of these gauges will be discussed in a following section. Figure 1 . Overatl experimental conilgoration. Explosive sample instatled in gun target chamber and magneticfield.
The projectile impact velocity and the choice of impactor material determine pressure input to the sample. With gas guns the impact velocity can be precisely controlled by varying the combination of the gas pressure used to drive the projectile and the projectile mass. The projectile velocity is measured to 0.1 % using precisely spaced elechicai shorting pins, Impactors used for the present experiments were either of Vistal (a high-density aluminum oxide ceramic sold by Coors), z-cut alpha quartz, or z-cut sapphire. Impact velocities of 0.55-0.82 km/s produced stresses of 3.1-5.2 GPa in the PBX 9501 samples.
In order to produce very planar impacts, the impactor disk is aligned to the projectile axis to less than 0.25 milliradian (rnrad). (1 degree is 17.6 mrad). The target face is aligned perpendicular to the barrel axis to better than 0.5 mrad using an auto-collimating telescope. With this gun, we typically get impactor target misalignments of less than 2 mrad at impact. Additional tilt can be due to such factors as the projectile wearing as it travels down the barrel, etc.
Calculation of Impact Stresses
Our goal in this study was to carefully compare run distance(time)-to-detonation versus input stress or pressure for various densities and ages of PBX 9501. Our measurements of particle velocity (UP) and shock ;elocity (Us) have uncertainties of 2-3 YO each. If these measurements are considered independent, this implies the pressure is known with an absolute accuracy of about 4%. For comptisons, we would like a better measure of the pressure than this.
Because they are elastic at stresses less than 9 GP& we know the Hugoniots of the impactors to an accuracy of about 1%.27'28'29 Linear Us -up Hugoniot (Equation 1) parameters for these materials are given in Table 2 . Further, we can measure impact velocities very accurately, to 0,190. This suggests that if we carefully construct a Hugoniot for the PBX 9501, we should be able to get impact pressures, at least for comparison purposes, with an accuracy of 1%. Previous experience suggests that even small 1.5-2.0% porosities can have an effect on the Hugoniot. This level of porosity is characteristic of PBX 9501 and other pressed high explosives. We will account for this porosity by using the "Snow-Plow" model. Because all of the porosity is surely removed by a 3 GPa shock, this ought to be valid in the 3 GPa + pressure range of the present experiments.
Using formalism presented in McQueen et al.30 ,the Hugoniot of a porous material cart be determined. Porous materials are comprised of solid material and void. Formalism for constructing equations of state (EOS) for porous materials involve knowing or constructing an EOS for the solid material and then properly accounting for the voids. We make the assumption that the solid material has a linear Us -up Hugoniot,
where C and S are constants, and use the conservation of mass jump condition and the definition x=l-v/vo.
In Equation (2), V is the specific volume or l/p, where p is the density. V. is the specific volume of the solid at ambient conditions. This is l/TMD, where TMD stands for the theoretical maximum density. Then, the pressure on the Hugoniot, PH, is
If we make the usual assumption regarding the Gruneisen's parameter, r, that The only as yet unidentified symbol in equation 5 is Vm, the initial specific volume of the porous. material.
Particle velocity and shock velocity for the porous material at a specific P, V state are calculated using the usual equations:
In order to get Hugoniot's for various densities, we first establish a Hugoniot for the solid material at TMD, p.= 1.860 g/cm3. Then we adjust parameters (C and S) for this Hugoniot so as to match the Hugoniot which is available for the porous material. We did this as follows.
Jerry Input states, pressure and particle velocity, were calculated for each experiment using the impedance matching technique. A Hugoniot for PBX 9501, appropriate for the initial density, was constructed in the pressure-particle velocity plane. Likewise, a Hugoniot appropriate for the impactor and the impact velocity was constructed. The impact pressure-particle velocity state was, as usual, defined as the point where these two Hugoniots cross. As we stated earlier, we believe that this method gives impact conditions that are internally consistent to about 1'%0.
Electromagnetic Particle Velocity Gauging Electromagnetic particle velocity gauging is based on Faraday's law of induction. For a conductor of length L moving with velocity u in a steady uniform magnetic field of strength B, the induced voltage V is, V= LouxB .
In Equation (9), all quantities but the induced voltage are vector quantities. If the experiment is designed so that the vectors L, u, and B are everywhere mutually orthogonal, this reduces to the scalar equation,
With reference to Figure 1 , the projectile and thus velocity u is directed along the x-axis, and the magnetic field B along theyaxis. The active gauge length L must then lie along the zaxis. In this configuration, leads which sense the voltage in the active element L, can be made to have zero induced voltage by placing them in any orientation such that they are perpendicular to the active element L. This gives a great deal of flexibility in lead placement.
In the experiments B and L are measured before the experiment and IL as a function of time, is recorded during the experiment. From this the conductor velocity (u) as a function of time can be determined. If one assumes that the conductor moves with the material it is embedded in, then u is the mass or particle velocity of the material at the particular Lagrangian position of the gauge.
Magnetic gauging was used fwst in Russia during the late 1940's and described in 1960 by Zaitzev et al!z They used a loop gauge to measure particle velocity in explosively driven shock experiments. Dremin et al. report using these gauges in explosives in the 1960s.33'34
Although a number of researchers in the U. S. tried this method, it was not used extensively until the technique was developed further on gas guns at Physics International and Washington State University, largely under the direction of Fowles and coworkers35'36during the 1970's. The .fwst published reports of magnetic gauges being used in explosives by Americans were from Jacobs and Edwards37 in 1970 and Cowperthwaite and Rosenberg38 in 1976 .
The magnetic gauge technique in use at LANL was developed by Vorthman and coworkers in the early 1980s.7'15'39 The pattern of conducting elements in a typical gauge configuration is shown in Figure 3 . It includes 10 particle velocity gauges and a shock tracker40 in the center of the package. (Vorthman first conceived the idea of a shock @acker during the 1980s.7'15'39 However, it was not used at that time due to recording difficulties which have now been overcome.)
The active elements, L, for particle velocity measurements are the horizontal segments. The longest active elements are = 10 mm long, and are spaced = 2 mm apart vertically. The sensing leads are the vertical segments, and as stated earlier, are perpendicular to the active element L. The shock tracker is the center element with the square wave pattern
The gauge membrane containing the conductors shown in Figure 3 is constructed as follows; frost, a 5 pm thick sheet of aluminum foil is glued onto a 25 pm thick sheet of FEP Teflon. The aluminum is then etched leaving the gauge pattern shown in Figure 3 . A 25~m thick sheet of FEP Teflon is glued on top of the etched aluminum, resulting in a robust membrane or Figure 3 . Pattern of conductors used for electromagnetic particle velocity gaugingin explosives. package =60~m thick. We call this the Vorthman gauge after its originator. Frank Hines and Scott Sahlen at RdF Corporation, Hudson, New Hampshire developed the gluing and etching process and make these gauge packages for us. The gauge design can be easily changed by supplying RdF with a new etching mask. Figure 4 shows how the Vorthman gauge is installed in the high explosive sample. Wedge shaped pieces that fit together are machined from right circular cylinders of explosive. The angle in these experiments was 30 degrees. The gauge membrane is glued to the bottom wedge, typically with a two-part glue called aralhex, a Los Alamos urethane based adhesive found to be compatible with most explosives. Care is taken to align the active gauge elements with the top surface of the wedge, and the depths of the elements from this surface are measured. Because of the 30-degree angle of the wedge, elements spaced = 2 mm apart on the membrane will be spaced = 1 mm apart in depth. Staggering the elements on two sides results in the 10 active elements being located at depths of approximately 0.5 through 5.0 mm on 0.5 mm intervals.
Mounting the Vorthman Gauge in Explosives
When the glue under the gauge package has hardened, the top wedge is glued on. Typically the top surfaces of the two wedges do not match up and there is a glue ridge at the joint. To clean up this surface, a light machine cut is made; just enough to clean up the surface.
This method of having the gauges in a membrane and inserting the membrane on an angle into the explosive has sevAssembly Figure 4 . Details of the explosive sample and the magnetic gauge package installation.
eral advantages, First, many gauges can be put in, each at a different depth. Secondly, like the method of Cowperthwaite and Rosenberg,3g the gauges are staggered so they do not "shadow" each other, i.e., the particular part of the shock front that crosses a gauge does not cross any of the other gauges deeper in the flow. (If the gauges do shadow each other,* mechanical cross talk caused by shock reflections can occur between the gauges.) Third, this method requires much less machining than the other methods. 8'38'Finally, like the method of Cowperthwaite and Rosenberg38 (where the sensing leads are brought out the back of the sample) Vorthman's method minimizes lead spreading and the accompanying errors by angling the leads out the side/back.
The center element with the square wave pattern shown in Figure 3 is the shock tracker. When mounted in the wedge shaped sample shown in Figure 4 , the gauge will have a periodically varying effective length with depth. As the shock sweeps through the sample, the effective length, and thus the output voltage, changes with the position of the shock front. The voltage output is high when the shock front is at a wide part of the gauge and low when the shock front is at a narrow part of the gauge. A time varying voltage trace is thus recorded. The time of a voltage change can be correlated with the shock position and an x-t plot of the shock front can be obtained.40
The x-t plots obtained using shock trackers are similar to those obtained in optical or pinned wedge tests. If a transition to detonation occurs within the depth spanned by the shock tracker, the shock-to-detonation transition can be determined.
Very often in the experiments described in this report, a 3-6 mm thick disk of explosive was glued on top of the completed assembly shown at the bottom of Figure 4 . (The disk is not shown in Figure 4 .) This allowed the point where detonation was achieved to be placed at a depth covered by the shock tracker elements.
Wirrup" gauges are single element particle velocity gauges sandwiched between FEP Teflon sheets in a manner similar to the multi-element Vorthman gauge described previously. They are mounted in a plane parallel to the impact surface with the leads coming out the side and parallel to the magnetic field vector. They provide a particle velocity measurement at that plane. For example a stirrup gauge would be mounted on the top surface of the assembly shown in Figure 4 . When disks were mounted on top of this assembly, as described above, an additional stirrup gauge would be mounted on top of the disk. Thus, a single experiment could have up to 12 particle velocity gauges.
As shown in Figure 1 , the explosive sample is eventually mounted to a target plate. The target plate is placed in the gun target chamber between the poles of the electromagnet and positioned so the active elements of the gauges are perpendicular to the magnetic field.
Tilt
If the projectile impactor and target faces are not perfectly aligned at impact, a tilted shock will be introduced into the sample. Because the embedded gauges are spatially distributed in the sample, a tilted shock will have several effects. First, wave arrival times at the gauges will not be time correlated as they would be if the shock was not tilted. Second, the shock and/or detonation velocity will not be measured correctly because the phase velocity of the shoclddetonation running along the shock tracker varies with angie. It is possible to over or under estimate these velocities depending on the magnitude of the tilt (up to 59Z0errors). Lastly, shock tilt will increase the rise times of the particle velocity wave profiles. Figure 5 shows schematically a typical sample with the gauges embedded; both the top and side views are shown. Active gauge elements are shown as blue, green, and red bars or spots, depending on the view. The red bar/spot is the stirrup gauge that sits on the impact surface. The blue and green bars/spots represent the active gauge elements located on the top and bottom of the sample, respectively. Coordinate systems for locating the gauge positions are also indicated. If the projectile face is tilted with respect to the target face, a contact line (red line with arrow) will sweep across the sample face and a tilted shock will be setup inside the material Using Figure 5 , the position of each gauge element can be described by its (x,y,z) coordinates. If the shock is not tilted, the arrival time of the shock at a gauge element will be given by
where Us is the shock velocity, and z is the distance of the gauge below the impact surface. If the shock is tilted, but planar, the x and y positions of the gauge element are needed to predict the arrival time. from the x-axis and a small angle~from the y-axis, the arrival time of the shock at a gauge element located at the position (xy,z) is given by (12) Tilt along the x-axis affects primarily the apparent shock and detonation velocity. Tilt along the y-axis results in the group ing of top and bottom gauge signals in pairs.
Using the measured shock arrival times and (zy,z) positions of 5 or more gauge elements, one can perform a nonlinear least squares fit to Equation (12). The parameters US, a and~are determined from the fit. It should be noted that if the arrival time and the position of the stirrup gauge are omitted from the fit, all the other elements are co-planar and the fit is indeterminate, i.e. the stirrup gauge in a different pkme is necessary to do the analysis.
Once a and P are determined from the fit, the total magnitude of the tilt can be determined 6=J~.
(13:
The orientation of the tilt is (14) and describes the direction the contact line is moving with respect to the x-axis of Figure 5 . Equations (12) and (13) describe the tilt of the shock in the sample. Because of an analog to SnelI's law of refraction, the impact tilt will be (15) where UPTojecti[e is the projectile velocity. Because the shockfdetonation velocity is much higher than the projectile velocity, a small amount of impact tilt can result in a larger amount of shock tilt. For instance, if dtipw~=0.001 (1 mrad), the projectile velocity is 0.5 km/s and the shock velocity is 4 km/s, the shock tilt will bed= 0.008 (8 mrad).
Once the tilt for an experiment has been determined, the data can be corrected to a no tilt condition using the following equation for the corrected time.
The correction of Eq. (16) must be applied to each gauge element including the shock tracker elements.
The caveat to the tilt measurement and correction program outlined above is that small misalignments of the gauges in the samples can produce the same effects with the same magnitudes. For example, if the right hand gauge of Figure 3 is misaligned relative to the left-hand gauge by 0.003 inch (0.076 mm), or roughly the thickness of a sheet of paper, this will produce results equivalent to a shock tilt of 5 mrad. At the present time there is no way to differentiate between shock tilt and small gauge misalignments.
EXPERIMENTAL RESULTS AND DISCUSSION
"Wave profiles of particle velocity vs. time and x-t plots of the shock trajectories were obtained at impact stresses of about 3.1,3.9, and 5.2 GPa for each of the five PBX 9501 materials described previously in Table 1 . Table 3 (following page) summarim data for all of the experiments described in this report. Data are grouped by pressure. That is, there is a = 5.2 GPa group, a = 3.9 GPa group and a = 3,1 GPa group. Within each group, shots are ordered by increasing density. Presented in the table are the material identification, the sample density, the projectile impact velocity and impactor material, the calculated impact conditions (based on the projectile velocity, and known Hugoniot of the impacto~see Table 3 for explanation), the measured Hugoniot conditions, parameters for the fit to determine run distance (discussed in a later section), and the measured run distance and time-to-detonation. Also listed is the tilt magnitude. For experiments with tilts of less than 0.3 mrad, no tilt correction was made. The remainder of this section will cover first, an example of the wave profdes, including how density and age affect them, and second, an example of the shock tracker data and its interpretation. Particle velocity wave profiles and shock tracker data from each experiment in this study are presented in Appendix A. : Impact stress or pressure (GPa). This is calculated by impedance matching the impactor Hugoniot with the 'snow plow' Hugoniot for the PBX 9501.
UP : Impact particle velocity (knds). This is calculated by impedance matching the impactor Hugoniot with the 'snow plow' Hugoniot for the PBX 9501.
The measured particle velocity is obtained from the first gauge element. * The cap is a disk of explosive placed on top of the assembly shown in Fig. 4 . Figures 6a and 6b show wave-profiles from Shot 1133 where PBX 9501 of type A (see Table 1 ) was impacted with a Vlstal impactor at a velocity of 0.817 lads, producing an input of 5.12 GPa. There are eleven wave profiles at depths from O to 5 mm into the explosive. Profiles from different gauges are given different colors for ease of reading. Positions for the gauges are given in Table 4 . The first profile is from the stirrup gauge on the front of the sample and the remaining ten are from the embedded gauges. The input particle velocity is about 0.7 km/s and this grows to over 2 lads, very near a full detonation, by the time the wave reaches the last gauge at 5 mm into the sample. The gauges measure reliably even under these harsh conditions. Figure 6a shows the profdes in a 3-D time-gauge depthparticle velocity plot that provides a good picture of the wave as it evolves. Figure 6b shows the same data in 2-D, making it easier to see the magnitude of each of the profiles.
US : Shock velocity (krnk). This was measured through fitting x-t data to Equation

Particle Velocity Wave Profiles
The input wave is flat-topped early on, as shown by the first wave profile. After about 0.25 vs, the particle velocity at this position begins to gradually decrease, indicating reaction is occurring an 1 decelerating the impact interface. The other wave profdes show some increase in amplitude at the shock front and a ktrge following wave which builds with depth and eventually overtakes the shock front. By the time the wave has reached the last gauge, the following wave has overtaken the shock front. These features, a small amount of growth in the shock front and a large amplitude following wave, are common to all our experiments in PBX 9501 and have been seen in all other HMX based explosives. We usually refer to the character of growth purely in the shock front as having to do with heterogeneous initiation and the growth purely behind the shock front as being influenced by homogeneous initiation. Clearly the initiation of PBX 9501 is a mixed homogeneousheterogeneous initiation. Figure 7 shows the effect of initial density on the particle velocity wave profiles. Two experiments are shown in Figures  7a, and 7b . In both experiments a Vistal disk impacted a PBX 9501 sample at 0.665 + 0.002 km/s producing an input stress of= 3.9 GPa. Both experiments had gauges located at Oand 3 through 8 mm depths. Figure 7a shows particle velocity wave profiles from Shot 1162 which used material A with initial density 1.826 g/cm3 and Figure 7b shows wave protiles obtained from Shot 1164 which used material B with initial density 1.830 g/cm3. The input stress in Shot 1162 (Figure 7a ) was 0.06 GPa lower than in Shot 1164 (Figure 7b ) because of the density difference. 
Effect of density on wave profiles
In the 1.826 g/cm3 sample, detonation was achieved at 7.2 mm, near the second to last gauge. This is quite apparent in llgure 7a, as C-J particle veloci~of 2.2 Ian/s (Ref. 41) is reached at the second to last gauge. In the 1.830 g/cm3 sample, detonation was not achieved until 8.8 mm, well beyond the last gauge. The last wave profiles do not even begin to approach the C-J condition. These figures clearly show that small changes in initial density significantly affect the wave profiles in the buildup to detonation. As expected, higher densit y materials do not build to detonation as quickly as low-density materials. Figure 8 shows the effect of sample age on the particle velocity wave profiles. Wave profiles are presented from three experiments using the same input, the same sample density, but varying the age of the explosive, In all three experiments the input stress of 5.22 & 0.02 GPa was produced by impacting Vistal on the 9501 with a velocity of 0.817 & 0.002 km/s. The red trace is from newly pressed material, the blue trace is from the W76 material that was aged 124 months in stockpile, and the green trace is from the W78 material that was aged 201 months in stockpile. Gauges were located at roughly, but not exactly, the same positions, and spanned depths of O through roughly 5 mm.
Effect of age on wave profiles
Wave profiles clearly show very good repeatability from one experiment to the next, i.e., corresponding profiles from all three experiments fall almost exactly on top of one another. The slight differences in wave arrival times are caused by slight differences in the depths of individual gauges. At the last gauge, where one would expect differences to be greatest, profiles from all three experiments are very nearly the same. Clearly, the age of the sample affects the wave profiles, and therefore the shock initiation process, very little. Comparison of the wave profiles shown in Figure 8 with those of Figure 6b , also clearly illustrates the effect of density on the wave profiles. All four of these experiments had inputs that were within 0.1 GPa in pressure. The 1.826 g/cm3 (low density material) shown in Figure 6b has almost reached detonation by the last gauge position of 5 mm Clearly none of the higher density materials shown in Figure 8 have advanced the reaction to the same level, because the pticle velocity peaks are significantly lower at the same positions. Thus, the wave profiles show that density affects the shock initiation process but sample age does not. Figure 9 presents the raw output data from the shock tracker. These results are from Shot 1133, the 5.12 GPa input experiment described previously with wave profiles shown in Fig. 6 . As discussed earlier, the shock tracker output is high when the shock is at a wide part of the gauge and low when it is at a narrow part. Correlating the time when the gauge output changes from low to high (or vice versa) with the position of a width change is generally straightforward. There are a total of about 40 width changes with this gauge. They are spaced every % mm, and cover about 10 mm in sample depth. The large change in amplitude occurs at about the time the shock wave transitions to a detonation wave. Even in this area, we have been able to correlate voltage changes with the position of a width change. The shock tracker position-time data are given in Appendix A for each experiment in this study.
Shock Tracker Data
The x-t plot showing the position of the shock front with time for Shot 1133 is shown in Figure 10 . Red points were obtained from the shock tracker. Green points were obtained from the wave arrival times and initial gauge positions of the particle velocity gauges.
The 
Analysis of x.
From plots such as the number of ways to detel detonation. One can pick where the lines (whose S1OI and shock velocity) cross. in Figure 10 . We have four several others, to be unrelia The method we have : differential equation which the position-time (x-t) plan{ which also behaves approc an be reached by integrati by one of us (Larry Hill) in propriately behaved differel shock acceleration 
In Equation (17) the symbols and parameters have the following meanings: a controls the initial acceleration of the wave; b, when other parameters are held constant, controls where turnover to detonation occurs; C is the intercept of the explosive's Hugoniot in the shock velocity particle velocity or Us -UP plane (Equation (l)); DCJis the Chapman Jouguet detonation velocity. DCJ is usually obtained as a fit to the last few points of the measured x-t trajectory. Equation (17) is solved numerically to find x(t) with the constraint i(t = O) = Us, the initial shock velocity, and x(t = O) = X.
the initizdposition (nominally 0.0). We initially used "machine" fits in which Mathematical next. Allowing all parameters to vary resulted in less consistent values for Us, although good fits. Figure 11 shows the data of Fig. 10 , the fit using Equation (17), and the residuals multiplied by 10 for Shot 1133. Note that the residuals for the fit are typically 0.05 mm, and all are under 0.1 mm. From the fit we obtain the following information: the run distance-to-detonation, x*, is 5.1 m, and the run time-to-detonation, t*, is1.13 ps. The point where detonation is achieved is mbitrarily defined to be the point where 99~0 of DCJ is reached in the fit. We have arbitrarily set the error in run distance to be 0.4 mm, or 1.5 times the spacing between shock tracker elements.
From Fig. 11 and the fit using Equation (17), the initial shock velocity, US, is determined to be 4.0 lcmk, consistent with the predicted shock velocity of 4.0 km/s. The detonation velocity was determined to be 8.74 km/s, in good agreement with the predicted value of 8.75 km/s for 1.826 g/cm3 PBX 9501 based on Richard Catanach's42 empirical relation for the variation of PBX 9501 detonation velocity with density, varied the parameters a, b, and Us over a limited range in an attempt to find the best fit according to a least squares crite-DCJ = 1.88+ 3.76P0
non. We also tried hand/eye fits in which the best parameters were selected by trial and error. Both methods work well but give slightly different results.
In the end we chose to use hand/eye tits with the parameter a fixed at 0.1. This resulted in very consistent values for Us from one experiment to the 
Pop-plots
The Pop-plot, named after one of its originators, Al: phonse Popolato,l plots the run distance (time)-to-detonation as a function of the input stress (pressure). Most commonly it is plotted as a Log-Log plot.l It has been found to be a very useful tool for measuring and ranking the shock sensitivity of explosives. The run distance-to-detonation is usually denoted by the symbol x*, and the run time-to-detonation by the symbol t*.
Figure 12 presents historical and new Pop--plots for PBX 9501. Table 5 summarizes straight-Iine fits to these data sets. The historical data sets were obtained from the compilation of Gibbs and Popolato.zl Both the 1.833 g/cm3 and 1.844 g/cm3 materials of Ref. 21 were die pressed in steel cups. This is the same method used to press our 1.837 g/cm3 material C whose points are also shown. Figure 12 shows large differences in the Pop-plots for the two materials. Whh a given input stress, the 14 run distance/time is less for the 1.833 g/cm3 material than for the 1.844 g/cm3 material. This indicates that the lower density material is more sensitive, presumably due to more porosity, i.e., more hot spots. In general, the Pop-plot of a more sensitive material will lie below and/or to the left of the Pop-plot for a less sensitive material. The differences in the two materials run distance/time are most apparent at lower pressures, and rather small at higher pressures. The fitted lines appear to cross near 7 GP& although the run distance is so small that experiments above this pressure are difficult. The red points lying about the central red line are data from newly pressed PBX 9501 which has a density of 1.837 g/cm3 (material C, see Table 1 ). Note frost that data from our study falls between the two other curves. This is consistent with this material having a density intermediate between the densities of the other two materials, coupled with the common finding that increases in density result in decreases in sensitivity. It further demonstrates that our technique provides results consistent with explosively driven wedge experiments.2}
Our error bars for x* were set at 1% times the 0.25 mm spacing between shock tracker elements or 0.4 mm. Error bars of 100 ns for N were determined by dividing the 0.4 mm X* error bar by the shock velocity of about 4 m.d~s. These are shown in Figure 12 for the data from this study.
Note that even with these generous error bars, there is much less scatter in our data thfi in the historical data. This could be due to a number of factors such as: (1) gas guns provide a better supported pressure pulse than explosive drivers; (2) the pressure is more accurately known because of the precisely measured impact velocity and the use of elastic impactors; and (3) our analysis technique for finding the run distance (time) -to-detonation is more consistent than what has been previously used. log(f*) = 1.70-2.2310g(P) Figure 13 presents Pop-plots for the 3 different density new PBX 9501 materials used in the present study; material A-1.826 g/cm3, material B-1.830 g/cm3, and material C-1.837 g/cm3. As was noted earlier for the historical data sets21we see an increase in sensitivity with decreasing density. For a given input stress, run distances (times)-to-detonation are shorter for lower density materials than those for higher density materials. Again differences are most distinct at low pressures and less distinct at high pressures. This result parallels the differences in wave profiles for different density materials which were seen in Figures 7 and 6b vs. Figure 8 . Those results also showed much faster buildup to detonation for lower density materials.
Data has just been presented which indicates that density differe~s of only 0.004 and 0.007 g/cm3 affect the buildup to detonation, i.e., the Pop-plot. The fact that this technique can consistently make this discrimination is impressive. These kinds of experiments should prove to be a powerful dlscrimi- nator for small changes in material parameters which may take place in material formulation or aging. Figure 14 presents Pop-plots for the two stockpile aged PBX 9501 materials; the 124 month old W76 material, and the 201 month old W78 material. These two materials had nominal densities of 1.838 g/cm3. For comparison, the run distancetitimes and the Iinear tit for the new 1.837 g/cm3 material (material C) is also shown. This data and fit provide a baseline so that we can make comparisons and see if age signii3cantly affects the run distance (time)-to-detonation.
While there is some scatter about the material C or baseline data fit, there is no definitive trend. All of the data from the aged explosives lie about as far from the baseline fit as do the baseline data. In addition, the stress and distance/time error bars me such that the baseline fit goes through all the points if error bars are included. The lack of difference in the Popplots for new and stockpile aged materials clearly indicates that aging is not affecting the shock initiation properties of PBX 9501. Figure 8 , which showed particle velocity wave profiles for these materials, also showed no effects. It is also interesting that material C was ram pressed while the weapons material was hydrostatically pressed. It has been assumed that ram pressing causes much more particle breakage than hydrostatic pressing. Our initiation data, discussed above, does not indicate significant differences in behavior. This suggests that the pressed materials may not be much different, since a si@lcant difference in particle size would be expected to produce different initiation results.
CONCLUSIONS/SUMMARY
The present set of twenty experiments provides a comprehensive set of baseline shock initiation experiments on PBX 9501. This baseline was previously unavailable and, considering that PBX 9501 is used in many nuclear weapons, it is extremely important. In total, five different PBX 9501 materials were studied; three newly pressed materials with three slightly different initial densities and two stockpile aged materials.
For each of the twenty experiments, particle velocity wave profiles of the initiation process were measured in-material at 10-12 different depths. These profiles were obtained with unprecedented fidelity. They should prove to be extremely valuable for either Lagrange analysis or for comparison to direct numerical simulations using reactive rate models.
In addition, we have measured x-t trajectories of the shock front using a relatively new gauge called a shock tracker. Trajectories provided by these gauges are similar to the data obtained in explosively driven/optically recorded wedge tests, but this set of experiments shows less data scatter indicating improved accuracy. From these measurements and a new companion analysis, we have accurately determined the run distance (time)-to-detonation, the shock velocity, and the detonation velocity. The results (Pop-plots and Hugoniots) show far less data scatter than those obtained using explosive driven/optically recorded wedge tests.
The present results demonstrate an increase in shock sensitivity with decreasing density. This result is seen in the both the particle velocity wave profiles and also in the Pop-plots. It is not a new result but we think it is noteworthy that we have been able to measure sensitivity changes correlated to density differences as small as 0.005 g/cm3. Measuring sensitivity changes for density differences this small has never been demonstrated before.
Lastly, we have an important result for those studying the aging of explosives in nuclear weapons. We find, both through particle velocity wave profile measurements and also through run distance (time) -to-detonation measurements, that age alone does not increase or decrease the shock sensitivity of PBX 9501. Ifthe PBX 9501 density is held constant, we see no diference in the initiation ofaged explosives when compared to new explosives.
For those concerned with safety issues this is important because it means that PBX 9501 is not becoming less or more safe, in reference to shock initiation, with age. Further, it means that safety models should not have to change the explosives shock initiation parameters to compensate for changing behavior with the explosive's age. Finally, it means that initiability for design purposes does not change with age. The PBX 9501 will initiate the same after 17 years in stockpile as it did on the day it was pressed.
APPENDIX A
This appendix presents wave profiles, x-ttrajectory plots and x-t data for all 20 experiments. Profiles are grouped by input pressure and ordered in the same way as they were in Table 3 . Gauge positions are listed in Table 4 . These are also in the same order as in Table 3 . Figure AZ. x-t plot for Shot 1133 obtained from shock arrival at shock tracker elements (red) and particle velocity gauge elements (green). Figure A4 . x-f plot for Shot 1134 obtainedfrom shock arrival at shock tracker elements (red) and particle velocity gauge elements (green). Figure A6 . x-f plot for Shot 1144 obtained from shock arrivaI at shock tracker elements (red) and particle velocity gauge elements (green). Figure A8 . x-t plot for Shot 1145 obtained from shock arrival at shock tracker elements (red) and particle velocity gauge elements (green). Figure A1O . x-t plot for Shot 1154 obtained from shock arrival at shock tracker elements (red) and particle velocity gauge elements (green). Wave Arrival Time (Ls) Figure A14 . x-f plot for Shot 1162 obtained horn shock arrhd at shock tracker elements (red) and particle velocity gauge elements (green). The first two black pointsare from the stirrupgauges. Figure A20 . x-r plot for Shot 1155. This Shot had two shock trackers, both of which broke ea.dy. Green points are from the particle velocity and stirrup gauge elements. Red points ae from one of the shock trackers and blue poin[s are horn the other shock tracker. Wave Arrival Time (pa) Figure A22 . .x-tplot for Shot l150. Green points are from thepraticIe velocity and stirrnpgaug eelements. Redpoints rmefrom theshock&acker. Black points are in a region that is fully detonating. Figure A24 . x-t plot for Shot 1179. Red points are from the shock tracker. Black points are from the two sdrrup gauges (which gave arrival times only) and from the region that is fully detonating. Figure A28 . x-r plot for Shot 1075. Red points are from the shock tracker and green points are from the particle velocity gauges. Figure A29 . Particle velocity wave profiles from Shot 1163. The input is 3.07 GPa and was created by impacting VMal on the PBX 9501 at 0.552 kink. The PBX 9501 is of type A. ,.
Shot 1134
Shot 1178
Shot 1163
Wave Arrival Time (Ls) Figure A32 . x-t plot for Shot 1171. Red points are tiom the shock tracker, blue and green points are from the particle velocity gauges. The fust two black points we from the stirrup gauges and the last bIack points are in the detonating region. Figure A34 . x-t plot for Shot 1146. Red points me from the shock tracker and gyeenpoints are from the particle velocity gauges. The last black points are in the detonating region. Wave Arrival Time (vs) Figure A36 . x-r plot for Shot 1147. Red points are Ikom the shock tracker and green points are from the particle velocity gauges. Figure A38 . x-t plot for Shot 1165. Red points are horn the shock tracker, and blue and green points are horn the particle velocity gauges. The fist two black points are from the stirrup particle velocity gauges and the last black points are in the detonating region. Flgrrr'e A40. x-t plot for Shot 1177. Red points are from rhe shock tracker, and bIue and green points are from the particle velocity gauges. The fist two black points are from the stirrup particle velocity gauges and the last black points are in the detonating region. 
